Introduction {#nyas13499-sec-0010}
============

Folic acid intake below the established tolerable upper intake level (UL) of 1000 μg/day for the general population is not associated with any adverse health outcomes. However, public health efforts to reduce the incidence of folic acid--responsive neural tube defects (NTDs) by increasing folic acid intake at levels below the UL have raised questions concerning the safety of elevated folic acid intake. Not all countries require that the food supply be fortified with folic acid for NTD prevention, despite the unequivocal evidence for its beneficial effects on reducing rates of NTDs and potentially other developmental anomalies.[1](#nyas13499-bib-0001){ref-type="ref"} On the other hand, folic acid supplementation specifically targeting women of reproductive age is recommended globally at intake levels of at least 400 μg/day, and up to 5 mg/day for women at high risk.[2](#nyas13499-bib-0002){ref-type="ref"}, [3](#nyas13499-bib-0003){ref-type="ref"} NTDs arise when the neural folds fail to fuse during embryonic development and result in lifelong, debilitating medical conditions. Randomized controlled trials[4](#nyas13499-bib-0004){ref-type="ref"}, [5](#nyas13499-bib-0005){ref-type="ref"} and other trials in the 1980s and 1990s demonstrated that maternal supplementation with multivitamins containing folic acid prevents NTD occurrence[5](#nyas13499-bib-0005){ref-type="ref"} or recurrence.[4](#nyas13499-bib-0004){ref-type="ref"}, [6](#nyas13499-bib-0006){ref-type="ref"}, [7](#nyas13499-bib-0007){ref-type="ref"} In January 2017, the United States Preventative Services Task Force (USPSTF) released a recommendation stating: "The USPSTF concludes with high certainty that the net benefit of daily folic acid supplementation to prevent NTDs in the developing fetus is substantial for women who are planning or capable of pregnancy."[1](#nyas13499-bib-0001){ref-type="ref"} Other authoritative organizations, including the U.S. Centers for Disease Control and the Institute of Medicine (IOM; renamed the National Academies of Science, Engineering, and Medicine) have made similar recommendations.[8](#nyas13499-bib-0008){ref-type="ref"}, [9](#nyas13499-bib-0009){ref-type="ref"} Neural tube closure occurs in the fourth week after conception. Therefore, the critical window in which to intervene occurs before most women are aware that they are pregnant. Considering that as many as half of all pregnancies in the United States are not planned[10](#nyas13499-bib-0010){ref-type="ref"} and that compliance with public health recommendations for women planning pregnancy to consume folic acid supplements is low,[11](#nyas13499-bib-0011){ref-type="ref"} we propose that universal, mandatory fortification is the most effective strategy for increasing folic acid intakes to prevent NTDs. The Food Fortification Initiative 2017 report lists 86 countries that mandate iron or folic acid fortification of one or more cereal grains.[12](#nyas13499-bib-0012){ref-type="ref"} Mandatory folic acid fortification occurs in 75 countries, but not in 28 European Union member countries.[13](#nyas13499-bib-0013){ref-type="ref"}

Folic acid exposure from fortification {#nyas13499-sec-0020}
======================================

The U.S. Food and Drug Administration\'s (FDA) regulations on food "standards of identity" specify the ingredients a given food product must contain to market it under a specific name, as is the case for products carrying the "enriched" label as it applies to mandatory fortification programs. Use of the "enriched" label on products requires mandatory fortification with specified micronutrients at specified levels. Voluntary fortification refers to the optional fortification of foods that do not carry a "standard of identify" for enriched products. As described below, folic acid fortification in the United States is considered mandatory, as it applies to flour, grain, and cereal products carrying the "enriched" label. In general, mandatory micronutrient fortification programs result in more uniform exposure of a given micronutrient across individuals in a population compared with voluntary fortification programs, in terms of both coverage and exposure level. In Ireland, a cross‐sectional study that assessed folate and vitamin B~12~ status resulting from a voluntary fortification program and/or supplement use revealed that, although consumption of fortified foods and supplements increased folate status, this increase was not consistent across the population.[14](#nyas13499-bib-0014){ref-type="ref"} Notably, many women of reproductive age (66%) exhibited red blood cell folate levels below the optimal level shown to reduce NTD risk.[14](#nyas13499-bib-0014){ref-type="ref"}, [15](#nyas13499-bib-0015){ref-type="ref"}, [16](#nyas13499-bib-0016){ref-type="ref"}

To reduce rates of NTDs in the United States, the FDA mandated that 140 μg of folic acid be added per 100 g of enriched flour, rice, pasta, cornmeal, and other grain products that carry the "enriched" label, with an effective date of January 1, 1998.[17](#nyas13499-bib-0017){ref-type="ref"} Folic acid is a synthetic, fully oxidized form of folate that is used to fortify foods, and this is described in more detail below.[8](#nyas13499-bib-0008){ref-type="ref"} This level of fortification was chosen on the basis of the observation that adding 70 μg folic acid per 100 g product would replace folate lost in processing, whereas adding five times that level (350 μg/100 g) was likely to result in individuals consuming more than the 1000 μg/day UL for folic acid that was established by the IOM, as detailed below.[18](#nyas13499-bib-0018){ref-type="ref"} The addition of 140 μg folic acid per 100 g enriched product was originally estimated to result in an intake of about an additional 100 μg folic acid per day in adults and bring total folic acid intake levels to at least 400 μg/day of folic acid, which is the intake level recommended by the Public Health Service for women of childbearing age,[9](#nyas13499-bib-0009){ref-type="ref"} while keeping most adults below the UL.[17](#nyas13499-bib-0017){ref-type="ref"} Subsequent studies have estimated that fortification in the United States provides 138 μg/day of folic acid intake in addition to folate intake from supplements and other food sources.[19](#nyas13499-bib-0019){ref-type="ref"}

The tolerable upper intake level for folic acid {#nyas13499-sec-0030}
===============================================

There is no UL for natural reduced folates found in foods.[8](#nyas13499-bib-0008){ref-type="ref"} The UL for the provitamin folic acid was established to avoid a delayed diagnosis of vitamin B~12~ deficiency, as assessed by hematological indices, and thereby minimize the risk of neurological complications in vitamin B~12~‐deficient individuals. The IOM stated, "The weight of the limited but suggestive evidence that excessive folate intake may precipitate or exacerbate neuropathy in vitamin B~12~‐deficient individuals justifies the selection of this end point as the critical end point for the development of a UL for folate."[8](#nyas13499-bib-0008){ref-type="ref"} The IOM was careful to note that there was not sufficient evidence to establish a UL on the basis of a no‐observed‐adverse‐effect level (NOAEL) but rather on the basis of a lowest‐observed‐adverse‐effect level (LOAEL).[8](#nyas13499-bib-0008){ref-type="ref"} The LOAEL was set at 5 mg/day on the basis of several case reports and small observational studies showing that, at doses of 5 mg/day folic acid and above, there were more than 100 reported cases (from more than 20 studies) of neurological progression in patients with pernicious anemia, compared with fewer than eight cases in studies administering less than 5 mg/day oral folic acid.[8](#nyas13499-bib-0008){ref-type="ref"} As stated by the IOM, "The LOAEL of 5 mg/day of folate was divided by an uncertainty factor of 5 to obtain the UL for adults of 1 mg/day or 1000 μg/day of folate from supplements or fortified food. A UL of 1000 μg/day is set for all adults rather than just for the elderly because of (1) the devastating and irreversible nature of the neurological consequences of a delayed diagnosis and treatment of a vitamin B~12~ deficiency, (2) data suggesting that pernicious anemia may develop at a younger age in some racial or ethnic groups,[20](#nyas13499-bib-0020){ref-type="ref"} and (3) uncertainty about the occurrence of vitamin B~12~ deficiency in younger age groups." According to the IOM, "the prevalence of vitamin B~12~ deficiency in females in the childbearing years is very low and the consumption of supplemental folate at or above the UL in this subgroup is unlikely to produce adverse effects,"[8](#nyas13499-bib-0008){ref-type="ref"} although exceptions might include vegetarians, subsets of the population that have low dietary meat intake, and chronic users of proton pump inhibitors. Hematological indices are not commonly used to assess vitamin B~12~ deficiency, as they have been replaced with the use of serum biomarkers;[21](#nyas13499-bib-0021){ref-type="ref"} hence, the basis for the UL for folic acid, which is based on hematological assessment of vitamin B~12~ deficiency, is less meaningful today relative to when it was established nearly 20 years ago.

The precautionary principle {#nyas13499-sec-0040}
===========================

Some countries have elected not to institute a folic acid fortification program because of concerns of unintended consequences. The "precautionary principle" is perhaps most well known in relation to environmental science and with respect to campaigns designed to limit environmental damage. The original definition states, "when an activity raises threats of harm to human health or the environment, precautionary measures should be taken even if some cause and effect relationships are not fully established scientifically" and was set forth by the Rio Declaration of 1992 and the 1998 Wingspread Statement.[22](#nyas13499-bib-0022){ref-type="ref"} At its core, the precautionary principle aims to anticipate unintended adverse consequences in the implementation of public health interventions and to conduct safety monitoring following an intervention to ensure that the intended benefits are achieved and that unintended adverse consequences are avoided.[22](#nyas13499-bib-0022){ref-type="ref"} There are numerous examples in environmental and/or public health interventions that, while set forth with the best intentions, were subsequently plagued by unintended adverse consequences, such as drilling wells in Bangladesh to guard against diarrheal diseases caused by microbial water contamination that ultimately resulted in arsenic‐contaminated drinking water.[23](#nyas13499-bib-0023){ref-type="ref"} As reviewed below, the experiences of two decades of mandatory folic acid fortification in the United States and Canada, as well as experiences in other countries, have not provided evidence of any adverse effects attributed to mandatory folic acid fortification.[24](#nyas13499-bib-0024){ref-type="ref"}

Unique aspects of folic acid fortification {#nyas13499-sec-0050}
==========================================

There are four unique aspects of folic acid fortification of enriched grains and cereal products compared with previous nutrient fortification initiatives, including (1) the health outcome, (2) targeting, (3) fortificant used, and (4) fundamental lack of knowledge of mechanism of action.

First, folic acid fortification was the first nutrient fortification initiative where the primary goal was not to remedy a classical nutrient deficiency in the population on the basis of functional biomarkers of metabolism or a disease attributed solely to a nutrient deficiency in the population, but rather to reduce risk for a clinical condition whose etiology is complex and multifactorial, namely NTDs. The experience with folic acid fortification for NTD prevention has helped transform the paradigm for establishing nutrient requirements. Currently, there are ongoing initiatives to estimate dietary reference intakes using chronic disease end points, as opposed to functional indicators of nutrient deficiency or deficiency‐related disease.[25](#nyas13499-bib-0025){ref-type="ref"} However, consideration of chronic disease prevention and other pathologies with complex etiology to establish nutrient requirements was less common in the 1990s.

Second, the intervention exposed the entire population to folic acid, but was intended for a narrow segment of the population, namely women of reproductive age, especially those who are at increased risk for carrying a folic acid--responsive NTD‐affected pregnancy. NTDs are generally recognized to result from complex gene--nutrient--environment interactions.[26](#nyas13499-bib-0026){ref-type="ref"} Environmental toxins also contribute to risk in limited and specific contexts, such as the contamination of corn‐based products with the mycotoxin fumonisin[27](#nyas13499-bib-0027){ref-type="ref"} or arsenic exposure.[28](#nyas13499-bib-0028){ref-type="ref"} Current knowledge does not allow *a priori* identification of women who are at risk of folic acid--responsive NTDs.

Third, the use of folic acid as the fortificant was controversial, because at high levels of intake it can appear in blood in an unmetabolized form (as described below). Folic acid is a synthetic and chemically stable form of folate and not the natural form of the vitamin found in whole foods. It is highly stable to oxidative degradation and therefore the preferred form of folate used in dietary supplements, ready‐to‐eat breakfast cereals, and fortified food. Folic acid has been present in multivitamin supplements and foods for infants and young children for over 50 years without any evidence of harm when intake levels are below the UL. Physiological forms of folate that function as enzyme cofactors in metabolism include tetrahydrofolates and dihydrofolate. These forms of the vitamin are unstable and often undergo irreversible degradation during food preparation and cooking.[29](#nyas13499-bib-0029){ref-type="ref"} Because of its increased chemical stability and lack of a conjugated polyglutamate peptide compared with natural food folate, folic acid is more bioavailable than natural folate contained in food. Whereas natural food folate is approximately 50% bioavailable, folic acid is 85% bioavailable and hence is ∼1.7 times more bioavailable than food folate. For this reason, folate intake is expressed as dietary folate equivalents, where 1.7 μg of natural food folate equals 1.0 μg of folic acid.[30](#nyas13499-bib-0030){ref-type="ref"}

Once transported into a cell, folic acid is converted into the natural reduced forms of folate by the enzyme dihydrofolate reductase, although this reaction is slow and is readily saturated.[31](#nyas13499-bib-0031){ref-type="ref"} Hence, several studies reported the presence of unmetabolized folic acid (UMFA) in serum.[32](#nyas13499-bib-0032){ref-type="ref"} Although the initial evidence indicated that most folic acid was converted into reduced tetrahydrofolate in the epithelial cells of the small intestine, subsequent studies indicated that significant quantities of folic acid are exported into the hepatic portal vein and metabolized into tetrahydrofolates in the liver.[33](#nyas13499-bib-0033){ref-type="ref"} Indeed, folic acid accounts for about 40% of total folate in milk from lactating mothers taking a prenatal supplement containing folic acid.[34](#nyas13499-bib-0034){ref-type="ref"}

Folic acid has not been demonstrated to have any meaningful impact on human physiology when intake levels are below the UL. Folic acid has no established biological activity other than binding to folate receptors and transporters for cellular import. Once in the cell, folic acid cannot be converted to polyglutamate forms of folate; it first must be reduced to the tetrahydrofolate to serve as a metabolic cofactor.[29](#nyas13499-bib-0029){ref-type="ref"} This conversion from folate monoglutamate forms that are absorbed to polyglutamate forms is essential for high‐affinity binding of folate cofactors to folate‐dependent enzymes. At the time that folic acid fortification was implemented in the United States, the IOM recognized "...that excessive intake of folate supplements may obscure or mask and potentially delay the diagnosis of vitamin B~12~ deficiency..."[8](#nyas13499-bib-0008){ref-type="ref"} Vitamin B~12~ deficiency can be common in older adults.[35](#nyas13499-bib-0035){ref-type="ref"} In animal models and in humans, vitamin B~12~ deficiency is associated with megaloblastic anemia and neuropathies; while the anemia is reversible, neuropathies can be irreversible. A single study in primates reported that vitamin B~12~‐deficient animals receiving folic acid supplements developed neurological damage earlier than vitamin B~12~‐deficient animals not receiving folic acid.[36](#nyas13499-bib-0036){ref-type="ref"} A biological premise based on knowledge of folate metabolism underlying this finding is lacking, and there is a need to replicate this study in both animal and human cell experimental model systems.

As described above, the UL for folic acid was established to avoid a delayed diagnosis of vitamin B~12~ deficiency owing to high intake of synthetic folic acid in vitamin B~12~‐deficient individuals. It is important to note that the UL was established for folic acid, and not for reduced forms of folate or natural food folate.[8](#nyas13499-bib-0008){ref-type="ref"} It is also important to note that folic acid fortification of foods is only one source of folic acid intake, and recent publications have described the sources of folic acid exposure in the U.S. population. An observational study quantified sources of daily folic acid intake using 24‐h recalls from more than 8000 nonpregnant women in which dietary recall and serum folate levels were available from National Health and Nutrition Examination Survey (NHANES) during 2001--2004. The primary sources of folic acid were foods containing fortified flour, consumption of fortified ready‐to‐eat cereals, and multivitamin supplements. The main finding of this study was that, of the three possible sources of folic acid, supplement use was the primary driver of high serum folate levels in individuals within the highest quintile of serum folate. In fact, folic acid--containing supplements accounted for about 75% of serum folate in this quintile.[37](#nyas13499-bib-0037){ref-type="ref"} In a study that measured both reduced 5‐methyl‐THF (the primary circulating form of folate) and UMFA in serum samples from NHANES 2007--2008, UMFA was detected in serum from nearly all individuals and ranged from 0.3 to 5 nmol/L among individuals; supplement use was shown to increase serum levels of both 5‐methyl‐THF and UMFA.[32](#nyas13499-bib-0032){ref-type="ref"} The UK Scientific Advisory Committee on Nutrition (SACN) recently concluded that data were insufficient to determine the health effects of UMFA.[38](#nyas13499-bib-0038){ref-type="ref"} The presence of UMFA in circulation in humans and rodent models is well characterized;[32](#nyas13499-bib-0032){ref-type="ref"}, [33](#nyas13499-bib-0033){ref-type="ref"}, [39](#nyas13499-bib-0039){ref-type="ref"}, [40](#nyas13499-bib-0040){ref-type="ref"}, [41](#nyas13499-bib-0041){ref-type="ref"} however, the functional and health consequences, if any, of UMFA are not established.

Fourth, the mechanism whereby folic acid prevents NTDs is unknown, limiting the ability to predict unintended clinical consequences associated with fortification on the basis of knowledge of the fundamental folate biochemistry and pathophysiology. The folate‐dependent metabolic pathway that causes risk for NTDs has not been established. Folates function in the cell as cofactors that carry chemically activated one‐carbon units for a network of biosynthetic reactions known as one‐carbon metabolism, which includes the *de novo* synthesis of purines (adenine and guanine), *de novo* thymidylate (dTMP) biosynthesis, and the remethylation of homocysteine to methionine (Fig. [1](#nyas13499-fig-0001){ref-type="fig"}).[42](#nyas13499-bib-0042){ref-type="ref"} There are established biomarkers of impaired folate metabolism for each of the pathways within the network.[43](#nyas13499-bib-0043){ref-type="ref"} Impaired homocysteine remethylation is associated with increased plasma homocysteine concentrations and DNA hypomethylation, whereas impaired dTMP and purine synthesis results in decreased rates of DNA replication, which impairs cell division, and increased uracil misincorporation into DNA.[42](#nyas13499-bib-0042){ref-type="ref"} Because folate functions in such highly interconnected metabolic pathways that directly affect genome stability and genome expression, defining causal relationships linking folate‐associated pathologies to impairment in any one pathway within the metabolic network is challenging.[44](#nyas13499-bib-0044){ref-type="ref"} Although folic acid supplementation was shown to be efficacious in preventing NTDs in controlled trials, a deeper understanding of the fundamental biological mechanism linking folic acid intake to NTD prevention is needed to better target the intervention to those at risk and potentially determine the role of folate in health and disease more broadly.

![Folate‐mediated one‐carbon metabolism. Dietary folic acid is metabolized to tetrahydrofolate, which is then activated with a one‐carbon unit to form 10‐formyltetrahydrofolate, 5,10‐methylenetetrahydrofolate, and 5‐methyltetrahydrofolate. Each of these folate cofactors supports a biosynthetic pathway for the synthesis of purines and thymidylate and the remethylation of homocysteine to methionine. Synthesis of methionine requires 5‐methyltetrahydrofolate and vitamin B~12~. Folic acid is converted to dihydrofolate and then tetrahydrofolate by dihydrofolate reductase, which is dependent on NADPH.](NYAS-1414-59-g001){#nyas13499-fig-0001}

Safety of folic acid {#nyas13499-sec-0060}
====================

There is a large body of literature demonstrating the efficacy of maternal folic acid intake in preventing birth defects, as well as investigations into potential adverse consequences of consuming folic acid above the UL. Recently, two separate authoritative bodies convened expert panels to assess the risks from high intakes of folic acid. In May 2015, the U.S. National Toxicology Program (NTP) and the Office of Dietary Supplements convened an expert panel and performed systematic reviews of existing literature regarding the safe use of high folic acid intakes and was charged with developing future research priorities.[45](#nyas13499-bib-0045){ref-type="ref"} The NTP panel was tasked with (1) identifying the areas of consistency and uncertainty in current science, (2) identifying research needs given the state of the science, and (3) proposing approaches to address knowledge gaps.[45](#nyas13499-bib-0045){ref-type="ref"} This group was divided into several subpanels, with each subpanel addressing an area of concern, including cancer, cognition (especially as related to interactions with vitamin B~12~ deficiency), hypersensitivity‐related outcomes, and thyroid‐ and diabetes‐related disorders. These areas of concern were based on previous studies reporting adverse effects in these health effect categories with intakes of greater than 400 μg/day folic acid, serum folates greater than 10 nM/L, or red blood cell folate greater than 340 nM/L.[46](#nyas13499-bib-0046){ref-type="ref"} The overall conclusion of the NTP report was that, for the outcomes considered, there was no conclusive evidence for adverse effects because of folic acid, but, in each case, a research agenda was proposed to address current knowledge gaps, as described below.

The UK SACN comprises appointed scientific experts who advise Public Health England and other UK governmental organizations on nutrition. A SACN panel was convened in April 2016 to update their previous recommendations in favor of mandatory folic acid fortification that were published in 2006 and 2009 and to review the literature on potential adverse effects of folic acid intake. A draft report submitted to public consultation in early 2017[38](#nyas13499-bib-0038){ref-type="ref"} focused on putative adverse effects of folic acid fortification that included masking/exacerbation of low vitamin B~12~ status, cognitive decline in the elderly, cancer, and the appearance of UMFA in the systemic circulation. This group was tasked with conducting a review of new evidence, relying heavily on systematic reviews and meta‐analyses for all outcomes except UMFA in circulation, as there were fewer studies identified for this outcome.[38](#nyas13499-bib-0038){ref-type="ref"}

Additionally, the SACN summarized the results of five other evaluations conducted after their 2006 review, one of which was the NTP report.[46](#nyas13499-bib-0046){ref-type="ref"} The Food Safety Authority of Ireland produced an updated report on folic acid and prevention of NTDs in 2016;[47](#nyas13499-bib-0047){ref-type="ref"} the FDA summarized outcomes and conclusions for their Memorandum for Food Additive petition for folic acid in corn masa flour in 2016;[48](#nyas13499-bib-0048){ref-type="ref"} the Norwegian Scientific Committee for Food Safety (VKM) conducted a risk assessment of folic acid in food supplements in 2015;[49](#nyas13499-bib-0049){ref-type="ref"} and the European Food Safety Authority evaluated outcomes and provided scientific opinion on dietary reference values for folate.[50](#nyas13499-bib-0050){ref-type="ref"}

The following section provides an overview of each major putative adverse topic and then focuses on the NTP and SACN expert reviews summarized below by disease outcome, as well as relevant recent literature that was not included in the SCAN or NTP reports. Later in 2017, the SACN will offer a recommendation on whether its previous recommendations regarding mandatory folic acid fortification still applies for the United Kingdom.

It is worth noting that both the NTP and SACN reports focus on population and clinical data from high‐income settings, although the application of these findings is expected to be widely applicable to low‐ and middle‐income contexts.

Cancer {#nyas13499-sec-0070}
------

A biological premise underpinning the role of folic acid intake and adverse cancer outcomes has been published.[51](#nyas13499-bib-0051){ref-type="ref"} The proposed effects of folic acid on cancer risk are not related to folic acid per se, but rather relate to its effect in elevating whole‐body folate status. It is proposed that folate deficiency increases the initiation of carcinogenesis by causing genome instability as well as alteration of methylation patterns in the genome, leading to altered expression of oncogenes and tumor suppressor genes. Elevated folate status is postulated to promote carcinogenesis and tumor growth once the transformation process has been initiated by increasing synthesis of nucleotides and other metabolites required for replication and expression of the genome.[51](#nyas13499-bib-0051){ref-type="ref"}, [52](#nyas13499-bib-0052){ref-type="ref"} Evidence and gaps related to this mechanism are summarized below.

There is strong evidence that low folate status promotes cancer, especially colorectal cancer.[51](#nyas13499-bib-0051){ref-type="ref"} As noted in the NTP report, there is both preclinical data from rodent models and human observational and clinical evidence to indicate that inadequate folate intake from all sources is associated with increased cancer risk.[46](#nyas13499-bib-0046){ref-type="ref"} Because folate cofactors are required for nucleotide biosynthesis and for generating activated methyl groups that modify chromatin and affect gene expression, low‐folate status has been demonstrated to decrease rates of nucleotide biosynthesis and impair chromatin methylation. Hence, low‐folate status promotes genome instability and DNA mutation rates and alters the methylation patterns in the genome that affect the expression of tumor suppressor genes.[52](#nyas13499-bib-0052){ref-type="ref"}, [53](#nyas13499-bib-0053){ref-type="ref"} There is strong consensus in the scientific community that folate deficiency increases risk for certain cancers.

Elevated folate status has been proposed to promote tumorigenesis from preexisting foci of neoplasia and accelerate the growth of established tumors.[52](#nyas13499-bib-0052){ref-type="ref"} The biological premise underlying this hypothesis relates to the role of folate in the synthesis of nucleotides for DNA synthesis in rapidly dividing cells and the use of antifolate chemotherapeutics (methotrexate, pemetrexed, and 5‐flurouracil, among others) that target and inhibit folate‐dependent enzymes and inhibit cell proliferation. Antifolates have been used successfully in the treatment of many types of cancer, and some postulate that, by increasing nucleotide synthesis for cellular proliferation, folate from all sources could accelerate tumor growth.[51](#nyas13499-bib-0051){ref-type="ref"} However, evidence demonstrating a dose--response relationship between folate status and/or folate/folic acid intake within the normal human exposure ranges and increased rates of tumor growth *in vivo* are lacking, and it has not been established whether folate availability is rate limiting in tumor growth in individuals with adequate folate status.

The totality of the evidence from randomized controlled trials does not support folic acid supplementation or fortification increasing cancer risk. A recent meta‐analysis of randomized controlled trials that included over 50,000 individuals examined the relationship between folic acid supplementation (with folic acid doses approximately an order of magnitude greater than exposure levels from folic acid fortification) and cancer incidence from trials conducted before 2011. The analysis included site‐specific cancer rates.[54](#nyas13499-bib-0054){ref-type="ref"} The results of the meta‐analysis indicated that "there was no significant effect of folic acid supplementation (with a median dose of 2.0 mg/day folic acid) on the incidence of cancer of the large intestine, prostate, lung, breast, or any other specific site."[54](#nyas13499-bib-0054){ref-type="ref"} The study also indicated that cancer mortality rates have continued to decline since the initiation of mandatory folic acid fortification in the United States. Studies since the NTP review support this finding and include a meta‐analysis of folic acid supplementation and colorectal cancer risk.[55](#nyas13499-bib-0055){ref-type="ref"}

The NTP panel noted several gaps in current knowledge linking high folic acid intakes to cancer outcomes from animal model studies and human studies and highlighted the importance of understanding "whether existing evidence from clinical trials for increased risk is driven by effects in specific subgroups," as well as identifying other interacting modifiers of the effect of folic acid, such as age, preexisting neoplasia, and/or genetics (i.e., identify predisposed subgroups).[46](#nyas13499-bib-0046){ref-type="ref"} In these cases, the primary concern relates to intake of folic acid from dietary supplements.

In 2016, the SACN noted that many studies investigating the effects of folic acid intakes on cancer risk may not have been adequately powered to detect changes in cancer incidence, as many studies were not designed specifically for this outcome. Similarly, the committee noted that many of the studies may not have been of sufficient duration to detect an increase in cancer incidence, as cancer is known to develop over many years.[38](#nyas13499-bib-0038){ref-type="ref"} The committee concluded that data linking prostate cancer risk to folic acid and/or folate intake were inconclusive, but noted that two observational studies measuring serum folate levels demonstrated a positive correlation between serum folate levels and prostate cancer risk.[38](#nyas13499-bib-0038){ref-type="ref"} The SACN committee also concluded that there were insufficient data to show that folic acid increases breast cancer risk. Results from both controlled trials and observational studies related to colorectal cancer risk were determined to be highly heterogeneous. Although meta‐analyses have failed to detect an effect of folic acid on colorectal cancer risk, the SACN committee again noted that statistical power may have been inadequate to detect this risk. Others have proposed that meta‐analyses may not detect cancer‐promoting effects of high folic acid intake that may occur in select circumstances, including in individuals who may be sensitized to elevated folic acid intake.[56](#nyas13499-bib-0056){ref-type="ref"}

As stated in the NTP report, data reporting on the relationship between folic acid and colon cancer in rodent models have been inconsistent[46](#nyas13499-bib-0046){ref-type="ref"} and highlight the need to develop a research agenda using well‐designed animal model systems. This conclusion was echoed in a 2012 systematic review of the evidence of the effects of dietary folate/folic acid and methionine in the *Apc* ^Min^ *^/+^* mouse model of spontaneous intestinal tumor formation.[57](#nyas13499-bib-0057){ref-type="ref"} The review found that some studies indicate an inhibitory effect of dietary folic acid on tumor development, while other studies indicate increased tumor growth with increased dietary folic acid. Another conclusion of Teh *et al*. was that timing and dose of intervention varied markedly among studies in the *Apc* ^Min^ *^/+^* mouse model, some studies used folic acid doses 10‐fold higher than what is considered adequate for mouse chow.[57](#nyas13499-bib-0057){ref-type="ref"} In general, dietary studies using animals should model folic acid intakes consistent with human exposures. In many studies, comparisons are made between severely folate‐deficient mice and mice exposed to high levels of folic acid intake. The NTP report highlighted the importance of choosing appropriate animal models to study the effects of folic acid on cancer risk, understanding the effects of the timing and exposure of the intervention on cancer outcomes, comparing the effects of folic acid and reduced folates, and understanding dose--response relationships.[45](#nyas13499-bib-0045){ref-type="ref"} This includes comparing outcomes from mice with adequate folate status to those with elevated status at levels consistent with human exposures. Also important is limiting the exposure to folic acid to intake levels consistent with what is observed in human populations.

Cognitive outcomes {#nyas13499-sec-0080}
------------------

The hypothesis that folic acid intake causes or accelerates cognitive impairment resulting from vitamin B~12~ deficiency is founded on case studies and observational studies. Folate and vitamin B~12~ interact in folate‐mediated one‐carbon metabolism. The two enzymatic cofactors converge in the homocysteine remethylation pathway, where they are both required by the enzyme methionine synthase for the remethylation of homocysteine to methionine. Hence, deficiency of either vitamin leads to elevated serum homocysteine.[43](#nyas13499-bib-0043){ref-type="ref"} Vitamin B~12~ deficiency also induces a secondary, functional folate deficiency, known as a "5‐methyltetrahydrofolate trap." Because methionine synthase is the only enzyme that metabolizes 5‐methyltetrahydrofolate, vitamin B~12~ deficiency results in its accumulation, thus "starving" other folate‐dependent metabolic pathways for folate cofactors, including nucleotide biosynthesis. Hence, one of the initial clinical presentations of vitamin B~12~ deficiency is megaloblastic anemia owing to inhibition of DNA synthesis. Dietary folic acid can rescue the anemia by providing new pools of cofactors for DNA synthesis that initially escape the methyl trap. However, elevated folic acid intake is not known to rescue neurological pathology resulting from vitamin B~12~ deficiency. There are no proposed biological premises or suggested mechanisms whereby elevated folic acid intake exacerbates vitamin B~12~ deficiency at the level of metabolism, cellular physiology, or human pathogenesis.[58](#nyas13499-bib-0058){ref-type="ref"}

Concerns for adverse effects of high folic acid intakes on cognition in vitamin B~12~ deficiency arose initially from case reports.[59](#nyas13499-bib-0059){ref-type="ref"} An observational study of data collected in the NHANES found that "In seniors with low vitamin B~12~ status, high serum folate was associated with anemia and cognitive impairment. When vitamin B~12~ status was normal, however, high serum folate was associated with protection against cognitive impairment."[60](#nyas13499-bib-0060){ref-type="ref"} Other studies have observed the highest rates of cognitive decline with low vitamin B~12~ status in the presence of high plasma folate or use of folic acid supplements.[61](#nyas13499-bib-0061){ref-type="ref"} Similarly, metabolic markers of vitamin B~12~ deficiency are more pronounced at higher levels of plasma folate.[62](#nyas13499-bib-0062){ref-type="ref"} However, this association is increasingly being interpreted as resulting from the inclusion of individuals who consume nutritional supplements who readily absorb folate but poorly absorb vitamin B~12;~ with vitamin B~12~ malabsorption driving the association.[61](#nyas13499-bib-0061){ref-type="ref"}

To date, there are no results from controlled trials testing the association of elevated folate status with low vitamin B~12~ status on accelerating cognitive decline, nor would they be ethical to perform in humans; the few studies supporting this finding are observational.[46](#nyas13499-bib-0046){ref-type="ref"} Furthermore, there is significant heterogeneity among these observational studies with respect to vitamin status cut points and cognitive outcomes assessed, and a general lack of key neurological outcomes.[46](#nyas13499-bib-0046){ref-type="ref"} Observational studies in nutrition generally have a poor track record when tested in follow‐up randomized trials, with one report showing that none of the 52 correlations from 12 observational studies were validated in subsequent randomized clinical trials.[63](#nyas13499-bib-0063){ref-type="ref"} There are no data from animal models supporting the human observational data.

A recent study published after the NTP report[46](#nyas13499-bib-0046){ref-type="ref"} described a secondary analysis of data from a clinical trial among asymptomatic elderly Chileans with low vitamin B~12~ status that tested the efficacy of a single intramuscular injection of a vitamin mixture containing vitamin B~12~, vitamin B~6~, and vitamin B~1~ on neurophysiological function. This secondary analysis examined the association between subjects' baseline folate status and their response at a single time point 4 months after the multivitamin treatment using a newly proposed combined status and functional vitamin B~12~ indicator (cB‐12). The cB‐12 indicator is a computed variable that combines plasma homocysteine concentration and serum concentrations of methylmalonic acid, holotranscobalamin, and vitamin B~12~. The authors reported weaker response of cB‐12 to the multivitamin treatment among subjects with serum folate levels above the median (33.9 nmol/L).[64](#nyas13499-bib-0064){ref-type="ref"} The authors concluded that improvement in vitamin B~12~ status in deficient individuals after intramuscular B~12~ supplementation is attenuated by high folate status. Interestingly, baseline folate status was not associated with differences in response to the multivitamin treatment as related to nerve function, a primary outcome of the registered trial.[64](#nyas13499-bib-0064){ref-type="ref"} It is important to remember that the interaction between folate status and response to vitamin B~12~ treatment was neither a primary nor secondary outcome of the trial as registered. The strength of the evidence from this secondary data analysis is weak, which limits any conclusions drawn. The cB‐12 indicator is a relatively new concept that is not used clinically and has had limited evaluation by the research community. Evaluated individually, none of the four biochemical measures used to compute the cB‐12 had an interaction with folate status. The finding was only evaluated at 4 months after treatment and does not correlate with any clearly defined clinical outcome. Given the close biochemical relationship between folate and vitamin B~12~, it is biologically plausible that, among individuals with low vitamin B~12~ status, those with different underlying folate status could have different short‐term responses to injections of vitamin B~12~. It is well established in the literature that elevated intake of folate or folic acid can functionally compensate for vitamin B~12~ deficiency, as first reported for the masking of vitamin B~12~ deficiency--related megaloblastic anemia by folic acid.[58](#nyas13499-bib-0058){ref-type="ref"} Hence, vitamin B~12~‐deficient individuals with elevated folate status would be expected to exhibit less improvement in functional indicators as a result of vitamin B~12~ therapy than those with lower folate status because of the functional compensation afforded by folate in vitamin B~12~ deficiency. A well‐designed clinical trial among individuals with low vitamin B~12~ status to evaluate the association between clearly defined clinical outcomes and appropriate measures of folate status would be needed to validate these purported findings.[64](#nyas13499-bib-0064){ref-type="ref"}

The SACN committee concluded that folic acid did not have a significant effect on cognitive decline in intervention trials, though it was also noted that studies were generally of short duration and neither focused on nor powered for assessment of effects in individuals with low vitamin B~12~ status. The SACN also stated that observational studies showed either no risk or protection from cognitive decline with higher folate status among individuals with normal vitamin B~12~ status.[38](#nyas13499-bib-0038){ref-type="ref"}

The SACN addressed concerns that folic acid fortification may mask signs of vitamin B~12~ deficiency. The committee cited evidence indicating that the prevalence of vitamin B~12~ deficiency as defined by serum vitamin B~12~ less than 148 pmol/L was not affected by mandatory folic acid fortification in the United States, although it was also noted that the biochemical measures used to assess vitamin B~12~ deficiency are of limited reliability and that there is variation in cut off values used to define deficiency.[38](#nyas13499-bib-0038){ref-type="ref"}

Diabetes‐related disorders and thyroid disease {#nyas13499-sec-0090}
----------------------------------------------

Concern over adverse effects of high folic acid intakes on diabetes‐related disorders and/or thyroid disease arose from conflicting findings from two observational studies[65](#nyas13499-bib-0065){ref-type="ref"}, [66](#nyas13499-bib-0066){ref-type="ref"} and the biological premise that maternal folate (or one‐carbon donor sources) can effect embryonic DNA and/or chromatin methylation and program gene expression in offspring with effects that persist into adulthood.[67](#nyas13499-bib-0067){ref-type="ref"}, [68](#nyas13499-bib-0068){ref-type="ref"}, [69](#nyas13499-bib-0069){ref-type="ref"}, [70](#nyas13499-bib-0070){ref-type="ref"} A longitudinal study in India examined the effects of maternal folic acid and iron supplementation during pregnancy (100 tablets of 500 μg folic acid and 60 mg iron from 18 weeks gestation) on insulin resistance, as assessed by the homeostatic model assessment of insulin resistance in 6‐year‐old children. The pregnant women were from six villages in rural India and were primarily low income and vegetarian and exhibited low vitamin B~12~ status and adequate folate status.[65](#nyas13499-bib-0065){ref-type="ref"} The offspring of mothers with high serum folate and low serum vitamin B~12~ levels were the most insulin resistant, leading the authors to conclude that "Low maternal vitamin B~12~ and high folate status may contribute to the epidemic of adiposity and type 2 diabetes in India."[65](#nyas13499-bib-0065){ref-type="ref"} However, a related randomized controlled trial conducted in rural Nepal in which pregnant mothers were supplemented with a series of micronutrients, including vitamin A (1 mg retinol equivalents/day), folic acid (400 μg/day), iron (60 mg/day), and zinc (30 mg/day), did not confirm this association.[66](#nyas13499-bib-0066){ref-type="ref"} In fact, children of mothers supplemented daily with 400 μg folic acid and vitamin A exhibited significantly lower risk of metabolic syndrome than children of mothers supplemented with only vitamin A (the control group).[66](#nyas13499-bib-0066){ref-type="ref"}

The NTP panel concluded that future work should follow up on the observational findings as related to prenatal exposures and that, on the basis of this very limited data, there was no consistent evidence that high intakes of folic acid and/or high folate status influences diabetes risk or glucose metabolism.[45](#nyas13499-bib-0045){ref-type="ref"}, [46](#nyas13499-bib-0046){ref-type="ref"}

Hypersensitivity‐related outcomes {#nyas13499-sec-0100}
---------------------------------

As noted in the NTP report, observational studies reporting hypersensitivity‐related outcomes, such as childhood asthma and allergy, have emerged over the past 20 years.[46](#nyas13499-bib-0046){ref-type="ref"} Concern for adverse effects of maternal folic acid intake are again related to the ability of folate and/or methyl donors to program fetal gene expression.[67](#nyas13499-bib-0067){ref-type="ref"}, [68](#nyas13499-bib-0068){ref-type="ref"}, [69](#nyas13499-bib-0069){ref-type="ref"}, [70](#nyas13499-bib-0070){ref-type="ref"} The NTP panel concluded that, with respect to sensitization to asthma, data on the effects of high folic acid intakes were limited.[45](#nyas13499-bib-0045){ref-type="ref"} The panel also emphasized the need to understand whether folic acid functions in biological pathways leading to asthma sensitization and to perform rigorous controlled human studies in pregnant women and in children to better assess the mechanisms and risk.[45](#nyas13499-bib-0045){ref-type="ref"} In terms of risk for hypersensitivity outcomes, such as eczema and respiratory infections, the panel concluded that this is not a priority research area owing to lack of available data.[45](#nyas13499-bib-0045){ref-type="ref"}

Cardiovascular disease, twinning, autism, mortality, immunological outcomes, other neurological outcomes, and other reproductive outcomes {#nyas13499-sec-0110}
-----------------------------------------------------------------------------------------------------------------------------------------

There is scant literature that has proposed that these disease outcomes are associated with high folic acid intake. The NTP systematic review process did not find sufficient evidence to warrant consideration of this literature by the panel owing to lack of sufficient evidence of adverse effects.[46](#nyas13499-bib-0046){ref-type="ref"} Furthermore, connecting folic acid to these outcomes lacks a strong biological and mechanistic premise. In some cases, folate intakes from all sources at or above the recommended dietary allowance and/or maintenance of adequate folate status have been shown to be protective for these and related outcomes.[71](#nyas13499-bib-0071){ref-type="ref"}, [72](#nyas13499-bib-0072){ref-type="ref"}, [73](#nyas13499-bib-0073){ref-type="ref"}, [74](#nyas13499-bib-0074){ref-type="ref"}, [75](#nyas13499-bib-0075){ref-type="ref"}, [76](#nyas13499-bib-0076){ref-type="ref"}

Summary and conclusions {#nyas13499-sec-0120}
=======================

Here, the evidence for the safety of folic acid fortification was reviewed, primarily on the basis of very thorough assessments conducted by the U.S. NTP in 2015 and the UK SACN in 2016. Neither the SACN nor the NTP reports identified conclusive evidence for adverse effects of folic acid. The NTP report emphasizes the uncertainty that exists in the present literature, proposes a research agenda, and emphasizes that "additional work is critical to fully evaluating the known public health benefits of folic acid, as well as the potential---but still unevaluated---risks that may exist."[45](#nyas13499-bib-0045){ref-type="ref"}, [46](#nyas13499-bib-0046){ref-type="ref"} The SACN 2016 draft report reviewed literature published since their 2006 and 2009 recommendations for mandatory fortification of flour with folic acid[38](#nyas13499-bib-0038){ref-type="ref"} and, after public consultation of the draft, is now assessing whether its previous recommendations still stand.

Overall, the totality of the evidence of the literature fully supports the benefits of mandatory folic acid fortification in NTD prevention. Furthermore, there are no established risks for adverse consequences resulting from existing mandatory folic acid fortification programs that have been implemented in many countries. Current folic acid fortification programs have been shown to support public health in populations, and the exposure levels are informed by and adherent to the precautionary principle. Additional research is needed to assess the health effects of folic acid supplement use when the current UL for folic acid is exceeded.
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